Abstract-Interference alignment (IA) has been proposed to optimally manage the interference aiming at providing the maximum degrees of freedom for multiuser interference channels. Therefore, IA has been used in cognitive radio (CR) systems to perform resource management in order to improve the throughput of the OFDM/FBMC based MIMO CR systems. In this work, a sub-optimal IA based power loading method is proposed for OFDM/FBMC based MIMO CR systems to approach the optimal approach with fewer complexity. In the proposed algorithm, all secondary users are enabled to share the available spectrum on the base of IA technique without affecting the quality-ofservice of the primary system. Furthermore, spectral efficiency comparison between MIMO-OFDM and MIMO-FBMC is presented. Simulation results show that IA based power loading achieves a significant sum-rate increase of CR systems compared to traditional orthogonal multiple access techniques. Additionally, IA based power loading achieves better sum-rate improvement with FBMC than OFDM physical layer.
I. INTRODUCTION
Recently, frequency spectrum scarcity has become a serious concern due to the increasing demand of the wireless data traffic. In order to overcome the problem, cognitive radio (CR) has been proposed to utilize the temporal/spatial unused frequency bands. CR allows a group of secondary users (SUs) to access the vacant bands originally licensed to the primary users (PUs). The SU access should not alter the operation of the primary system nor cause harmful to it. Multiple-input and multiple-output (MIMO) technology and multicarrier communications have been recognized as desirable candidates for CR systems, where MIMO significantly improves the spectral efficiency by sending independent data streams simultaneously over multiple antennas, while multicarrier communications offer an important flexibility in allocating different resources between users and subcarriers [1] .
Although that orthogonal frequency division multiplexing (OFDM) is the most common multicarrier technique that is considered by several communication standards, including IEEE 802.22 TV based CR system, there are several factors that limit the achieved capacity in OFDM systems. OFDM has large frequency domain sidelobes that cause high mutual interference to the adjacent primary bands. Additionally, the overall spectrum efficiency of the OFDM system is reduced due to the use of the cyclic prefix (CP) that is added to combat the multipath propagation effect. Filter bank multicarrier (FBMC) overcomes the OFDM limitations and is considered as an alternative scheme to OFDM in CR networks. In FBMC, channels are designed in the frequency domain to have the required spectral containment without any need to use CP as in OFDM [2] - [4] .
Resource allocation approaches have been proposed in CR networks to maximize the SUs throughput while satisfying the quality-of-service (QoS) of the PUs. The problem of resource allocation for CR networks with single antenna employed at both PUs and SUs has been widely considered (e.g. [5] , [6] and references therein). Furthermore, there have been many studies on CR networks with multiple antennas at the SUs in order to achieve CR regulations by cognitive beamforming (e.g. [1] , [7] ). Recently, a cooperative paradigm for CR networks has been proposed for CR network with multiple antennas at the PUs and SUs in order to utilize the MIMO advantage to cooperatively relay the traffic for the PUs (e.g. [8] - [10] ).
Interference alignment (IA) is a powerful tool that is used to manage interference in multiuser wireless communications [11] . Therefore, resource allocation on the base of IA has been recently considered in order to improve the spectral efficiency of CR networks [12] - [16] . Meanwhile, most of the existing works of IA in CR have considered MIMO employment on both of PUs and SUs in order to allow a SU to utilize the free and non-free eigenmodes of PU. In this scenario, MIMO employment at the PU provides extra degrees of freedom to null the interference at the PU receiver and to exclude interference constraints from the optimization problem (e.g. [12] - [14] ).
In this work, a sub-optimal IA based power loading among the SUs is proposed in order to improve the CR system spectral efficiency with OFDM and FBMC physical layers with acceptable computational complexity. SU nodes with MIMO employment is assumed while each PU is assumed to have a single antenna, which means that the spatial degree-offreedoms are not available anymore at PU side. The fairness among the SUs is guaranteed as well as the interference and power constraints. Performance evaluation of the proposed algorithm is presented in MIMO-OFDM and MIMO-FBMC based CR systems. In the following section, the system is modeled with MIMO-OFDM and MIMO-FBMC physical layers. Section III presents the optimal IA based power loading optimization problem. In Section IV, the proposed low-complexity power loading algorithms is showed. Simulation results are illustrated and discussed for multicarrier based CR systems in Section V. Finally, Section VI concludes the paper.
II. SYSTEM MODEL
We consider a MIMO cognitive system with K pairs of secondary transmitters and receivers with M T and M R transmit and receive antennas, respectively. This CR system operates in the same geographical area of a conventional primary network with several single antenna PUs as seen in Fig.1 . The available spectrum is divided into N sub-carriers with a △f separation, where L active primary bands (W 1 , W 2 , ..., W L ) have been occupied by the PUs. The CR system is allowed to use the active and non-active bands under a condition that the total induced interference to the l th PU active band is below the interference limit, I l th . In this work, OFDM and FBMC physical layers are considered. Therefore, a short description of them is given in this section.
A. OFDM System Model
A general block diagram of an OFDM system can be found in Fig. 2 . Firstly, the bits are mapped into complex symbols. Then, the time domain samples of an OFDM symbol are generated using the inverse discrete Fourier transform (IDFT). After that, the CP is added to form the transmitted signal. Assume that Φ n is the power spectrum density (PSD) of the n th subcarrier. In OFDM system with rectangular pulse of length T s = N + C, where C is the length of the CP, Φ n (f ) can be written as follows
where P n is the power transmitted over the n th subcarrier.
B. FBMC System Model
In FBMC, the transmultiplexer configuration is adopted using the synthesis filter bank (SFB) at the transmitter side, and the analysis filter banks (AFB) at the receiver side as described in Fig. 2 [2] , [3] . In FBMC systems, the use of critically sampled filter banks is problematic, since the aliasing effects would make it difficult to compensate imperfections of the channel by processing the sub-channel signals while the FBM-C with the offset quadrature amplitude modulation(OQAM) OQAM/FBMC symbols can be formed by modulating each subcarrier with a staggered QAM. The basic idea of FBMC is to transmit real-valued symbols instead of transmitting complex valued ones. Due to this time staggering of the in-phase and quadrature components of the symbols, orthogonality is achieved between adjacent subcarriers.
The synthesized signal burst is therefore a composite of multiple subchannel signals. Each signal consists of a linear combination of time-shifted (by multiples of T s /2) and overlapping impulse responses of the prototype filter, weighted by the respective symbol values [2] . Note that each sub-carrier is modulated with an OQAM. OQAM inserts a shift of half the symbol period between the real and the imaginary part of the complex data symbol [2] .
In FBMC systems, if the prototype filter with coefficients b [i] with i = 0, · · · , Y − 1 is used, where Y = QN and Q is overlapping factor which represents the length of each polyphase components and under the assumption of the even symmetry of prototype coefficients around the QN 2 th coefficient with zero coefficient in the beginning, the FBMC PSD can be expressed as
where |B n (f )| is the frequency response of the prototype filter and can be written as [2] 
III. IA BASED CR NETWORK PROBLEM FORMULATION Mostly, frequency division multiple access (FDMA) technique is used to manage the transmission between the SUs in CR network, in which the transmission over each subcarrier is restricted to one SU at a given time. MIMO IA passes over this limitation by giving the opportunity for a number of SUs to share a given subcarrier at the same time. This can be achieved by designing precodeing matrices for the SUs in a way that the desired data is aligned at its own receiver in an interferencefree subspace while the interference signals from other SU transmitters are aligned at the interference subspace [11] . Thus, MIMO IA is proposed to be applied in CR network aiming at improving its throughput under CR operation constraints. Perfect IA would be proper if [17] . Therefore, if the number of SUs excesses the feasibility conditions, SUs are clustered into disjoint groups where IA is performed to users within each cluster [18] . In this work, to make the analysis more clear and without loss of generality, a proper CR cluster is assumed in which each SU sends one data stream to its intended receiver (ex. [12] ). Accordingly, the discrete-time complex received signal at the k th receiver over the n th sub-carrier is represented as
where u n k ∈ C MR×1 is an orthonormal linear interference suppression matrix applied at the k th SU receiver, H n kj ∈ C MR×MT denotes the channel frequency response between j th SU transmitter and k th SU receiver. All channel state information are assumed to be perfectly known at each node. v n k ∈ C MT ×1 and x n k ∈ C are the IA precoder matrix and the data stream that is being transmitted from the k th transmitter, respectively. z n k ∈ C MR×1 is the zero mean unit variance circularly symmetric additive white Gaussian noise (AWGN) vector at SU receiver k.
According to the assumed cluster scenario, IA solution can be obtained with a closed-form solution [11] , where the interference is completely eliminated at each SU receiver. Therefore, at the k th SU receiver, the received signal in (1) becomes y
Moreover, the sum-rate of the SUs over the n th subcarrier is [19] 
where P n k is the transmitted power by the k th SU user over the n th subcarrier and J n l,k is the total interference introduced by the l th PU transmitter in the n th subcarrier to the k th CR user [20] .
L l=1 J n l,k can be modeled as AWGN. This is a general assumption in this research area (e.g. [5] , [21] ). This assumption is justified using the central limit theorem. Therefore, we can write
In CR scenarios, the interference introduced by the k th SU transmitter over the n th CR subcarrier transmission to the l th PU receiver should be considered in the problem formulation, which can be expressed as [20] 
where D n represents the spectral distance between the n th CR subcarrier and l th PU band and G n k,l ∈ C 1×MT denotes the channel gain between the the k th SU transmitter and the l th PU over the n th subcarrier. Ω n l is the interference factor of the l th subcarrier to the l th PU, which is obtained by integrating the PSD of the n th subcarrier over the l th PU frequency band. As shown above, MIMO IA is applied on the CR system, where the SUs are able to share all the available subcarriers in the system. Accordingly, SUs are able to share the available spectrum without harming each other. Afterwards, power loading should be peformed for each SU upon the available subcarriers. Power loading is performed in order to maximize the total throughput of the CR system subject to the interference introduced to the PUs and total transmit power budget constraints. Therefore, the problem can be formulated as [15] , [16] P 1 : max
where (8b) represents the k th SU total power constraint (P k ), while a positive transmission power is guaranteed using the constraint in (8c). The constraint in (8d) ensures that the total interference induced by SUs to the l th PU is below the prescribed interference threshold I l th . The problem P 1 is a convex optimization problem, which can be solved using the Lagrangian theory. That is the Lagrangian can be written as
where β k , α l and µ n k are the non-negative Lagrange multipliers. (9) can be solved as
where [y] + = max(0, y). The optimization problem P 1 has a high computational complexity which is generally prohibitive specially with high number of subcarriers. Therefore, a lowcomplexity sub-optimal algorithm is presented in the next section.
IV. SUB-OPTIMAL POWER LOADING ALGORITHM
To solve the resource allocation problem P 1 efficiently with low computational complexity, a sub-optimal power loading algorithm is proposed.
In our sub-optimal method, we start by finding the solution for the problem P 1 after ignoring the per-SU power constraints. Thus, the optimization problem becomes
where ( · ) indicates the variables that are optimized under the interference constraint only. By solving P 2, we get
where the Lagrange multiplier α l is evaluated using (12) and (11b) as
We assume that the maximum power P n k max that can be loaded for the k th SU over the n th subcarrier can be obtained from the solution of problem P 2 as follows
If the relation N n=1 P n k max ≤ P k for all SUs is satisfied, then the solution for P 1 is P n k = P n k max . Otherwise, we move to the second step, in which the power budget for each SU P k is distributed among all the subcarriers subject to be lower or equal to the upper-bound of the power of each user at every subcarrier P n k max . The problem can be described as a caplimited waterfilling [22] as
initialize l = 1 ∀n, Find P n k (l) using (12) and (13) Is l < L?
∀n and ∀k, Set
Are power constraints fulfilled for all users?
End ∀n and ∀k, Execute the caplimited waterfilling of problem P 3 and find the set B l
Evaluate I l R using (17) Update I ′l th using (18) yes no yes no Fig. 3 : Flowchart of the sub-optimal power loading algorithm where P n k is the solution of problem P 3. This problem is solved using the conventional waterfilling, where the waterfilling solution is found as [23] 
where P n k,W F is the allocated power by waterfilling solution for the k th user at the n th subcarrier and λ is the waterfilling level. For all subcarriers, if the condition P n k,W F ≥ P n k max is satisfied, the power is readjusted to P n k max and the total power budget is minimized by the difference between them. Then, successive waterfilling is proceeded over the users and subcarriers that have not exceeded P n k max in the last step until the loaded power P n k doesn't exceed P n k max in any user at any subcarrier in the new iteration. In the last step, the allocated power P n k is lower than the maximum allowed power level as the solution P n k of P 3 problem is constrained to be less than or equal P n k max . This degrades the CR system throughput. To overcome this limitation, the available power gap is re-utilized by allocating some power from one subcarrier to another by re-evaluating the maximum power that can be allocated to each subcarrier P n k max depending on the residual interference, which can be calculated as
Assuming that B l is the set of users that reach the maximum allowed power at some subcarriers, i.e. P n k = P n k max , ∀k and ∀n ∈ B l , then, P n k max , ∀k and ∀n ∈ B l can be updated by applying the equations (12)- (14) on the users in the set B l with the updated interference constraints, which are
Finally, the procedures of solving problem P 3 is re-performed to find the final solution P n k = P n k . The flow chart of the proposed suboptimal power loading algorithm is described in Fig. 3 .
V. SIMULATION SETUP AND RESULTS
In our simulation, we evaluate the performance of MIMO-OFDM and MIMO-FBMC CR systems using two resource allocation criteria: IA technique and FDMA technique. A feasible IA scenario is simulated in which K = 3 SUs with M T = M R = 2 is assumed. The PSD of the n th subcarrier of the OFDM and the FBMC systems are described in Eq. (1) and Eq. (2) respectively. The values of N , ∆f and σ n k 2 are assumed to be 64 subcarriers, 0.3125 MHz and 10 −6 , respectively. Two active PU bands are assumed each with 10 MHz bandwidth. Moreover, It is assumed that the channel realizations have been drawn from independent and identically distributed Gaussian distribution with zero mean and unit variance. The results are averaged over 1000 channel realizations.
For the purpose of performance comparison, the following algorithms are considered in the simulation: 1) Optimal IA: find the optimal power loading solution using problem P 1 with either OFDM or FBMC physical layer. 2) Optimal FDMA: allocate the power optimally considering a FDMA system as in [1] with either OFDM or FBMC physical layer. 3) Suboptimal IA: perform the power loading based on the algorithm in Fig. 3 with either OFDM or FBMC physical layer.
CVX toolbox is used in our simulation to obtain the optimal solutions [24] . Note that in all the figures, the FBMC simulated results are denoted by dash curves, while the OFDM simulated results are denoted by solid curves. In terms of complexity, the optimal IA scheme has the complexity of O N 3 , which is significantly high. Therefore, the sub-optimal approach is proposed with lower complexity. The algorithm in Fig. 3 performs the optimization under only the interference constraint for L primary bands, hence the complexity of this step is O(LN log N ) ≤ O (KLN log N ) . The cap-limited waterfilling is excuted two times in the algorithm for all SUs with a complexity O(KN log N ) ≤ O(KLN log N ). The maximum power evaluation depending on the residual interference has a complexity of O(|B l |log|B l |) ≤ O(KLN log N ) considering all SUs. Therefore, The complexity of the proposed sub-optimal power loading algorithm is lower than O (KLN log N ) . Fig. 4 depicts the average sum-rate of the CR system against the interference thresholds. In this figure, the per-SU power budget P k is set to be 15 dBm. Generally, for all the simulated scenarios, the average sum-rate increases as the interference threshold levels increase since each SU has more flexibility to allocate more power on its subcarriers. The Suboptimal IA system matches the performance of the optimal IA system in FBMC and OFDM physical layers with fewer complexity. Moreover, it can be observed that the Suboptimal IA algorithm achieves higher sum-rate gain compared to the optimal FDMA algorithm in both physical layer techniques. It is clearly noted from this figure that FBMC multicarrier technique presents better sum-rate performance than OFDM. At very low interference limits, I th = -30 dBm, Suboptimal IA with FBMC physical layer outperforms Suboptimal IA with OFDM physical layer with approximately 10 bps. This gap decreases as the interference limit increases until both systems behave as a non-cognitive system. Moreover, Suboptimal IA gains from FBMC physical layer more sum-rate rather than in OFDM physical layer. As an example, 2 bps is the gap between Suboptimal IA and optimal FDMA with FBMC physical layer at I th = -30 dBm while both are matched when OFDM physical layer is used. At this end, IA based power loading with FBMC archives a notable sum-rate increase compared to all other simulated techniques. The gain of the FBMC over the OFDM systems returns to the fact that the FBMC system has lower interference to the PU bands than the OFDM system. Fig. 5 presents the outage sum-rate probability of the different algorithms when the per-SU power budget is fixed to P k = 10 dBm, where the minimum rate for each SU is set to be 60 Mbits/sec, i.e. R min = 240 bits per OFDM symbol. Generally, the outage probability decreases as the interference constraint increases since the systems are more able to achieve the minimum instantaneous rate for the different users. It is clearly observed from Fig. 5 that IA approach is able to achieve better sum-rate behavior that traditional FDMA approach. However, the IA based algorithms with FBMC physical layer can mostly achieve the rate target even at very restricted interference limits. Furthermore, the outage probability of the suboptimal is close to optimal IA one in both physical layers, and both are much lower than that of the optimal FDMA.
VI. CONCLUSION
In this paper, a sub-optimal power loading method based on IA in MIMO-OFDM and MIMO-FBMC CR systems is presented. The problem is formulated so that the total data rate is maximized while the interference introduced to the primary system remains under the prescribed interference limit. Simulations show that the sub-optimal method approaches the optimal sum-rate performance with fewer computational complexity. Furthermore, IA technique achieves a significant sum-rate increase of CR systems compared to traditional CR systems. Moreover, IA with FBMC physical layer presents the best sum-rate behavior compared to the other simulated scenarios.
